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Introduction: The Andes under the weight of a paradigm

Scientific activity and production take place under the light of paradigms (Kuhn, 1962) and the geosciences
make no exception. Plate tectonics is the paradigm that currently governs our large-scale understanding of the
Earth. Paradigms orient research at all scales, a phenomenon which geoscientists are rarely aware of. In the case
of the Central Andes, most studies conducted since the late 1980s have admitted, explicitly or not, that crustal
thickening has been primarily achieved through tectonic shortening of the South American margin, and thus that
magmatic additions to the crust represented only a minor contribution to crustal thickening. Because this idea
was particulary well developed in Isacks’s (1988) landmark paper, this paradigm may be referred to as “the
Isacksian paradigm”. Since then, many researchers in the Central Andes have concentrated on tectonic
shortening; however, crustal thickness cannot be accounted for by the available shortening estimates, especially
in the arc and forearc (e.g., Schmitz, 1994; Sempere et al., 2008, and references therein).

Yet, aside from the tectonic, i.e. mechanical, interaction of the converging plates, the other first-order
characteristic feature of subduction zones is the production of arc magmatism. Simple logics implies that
tectonic and magmatic processes should therefore be viewed as two related aspects of one same system. The idea
that arc orogens are formed through magmatic accretion forced by subduction is widely admitted in island arc
contexts (e.g., Tatsumi and Stern, 2006), but has only received minor attention in the case of the Central Andes
— albeit with noteworthy exceptions (e.g., James, 1971b; Thorpe et al., 1981; Kono et al., 1989; James & Sacks,
1999; Haschke and Gunther, 2003) —, a situation largely due to the dominance of the Isacksian paradigm.

The belief that the Central Andes originated by shortening has commonly biased cartography, for instance by
forcing high-angle or poorly-exposed faults to be mapped as reverse faults and thrusts. Some areas were mapped
in dramatically different ways by geologists who favored distinct models (e.g., Sempere, 2000; Worner &
Seyfried, 2001), and extensional structures were often overlooked. Moreover, observations and models from a
variety of undoubtedly extensional settings in Europe and Africa now teach that some structural geometries
previously thought to be typical of contractional processes, as in the Central Andes, in fact also occur in
extensional contexts, in particular where normal faults were initiated as flexure-forming blind faults (e.g., Finch
et al., 2004). We have thus undertaken the revision of traditional mapping in southern and central Peru in order

to better understand the detailed anatomy of this portion of the Central Andes.
“Western Andes” and “eastern Andes” in southern Peru

Southern Peru provides a convenient observatory for a detailed anatomy of the Central Andean Orocline

(CAO). Identification and correction of mapping biases result in major revisions: the forearc, arc, and SW
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Altiplano (henceforth “western Andes”) appear to have been dominated by transcurrence (including
transpressional deformation) and extension since ~30 Ma (Sempere & Jacay, 2006, 2007), in contrast with the
NE Altiplano, Eastern Cordillera (EC), and sub-Andean belt (henceforth “eastern Andes”), where shortening has
been indeed significant. Separating these two contrasting orogenic domains, seismic tomography detected a
subvertical lithospheric-scale boundary in the northern Altiplano of Bolivia (Dorbath et al., 1993) and in its
prolongation, i.e. along the SW edge of the EC of southern Peru, the distribution of magmatic rocks (Sempere et
al., 2004) and the isotopic geochemistry of mantle-derived rocks (Carlier et al., 2005) also mapped a subvertical

lithospheric boundary, which coincides at the surface with the SFUACC major fault system (Fig. 1).
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Figure 1. Approximate partition between the western, magmatic Andes and the eastern, tectonic Andes in the Central
Andean Orocline. The magmatic Andes (forearc, Western Cordillera [WC], SW Altiplano) are characterized by little or no
shortening and a crust thickest across the arc, whereas the tectonic Andes (NE Altiplano, Eastern Cordillera [EC], sub-
Andean belt) display evident, substantial shortening. This implies that crustal thickening was achieved by magmatic accretion
in the former, and by tectonic shortening in the latter. In southern Peru, the boundary between the magmatic and tectonic
Andes is marked by the lithospheric-scale Urcos-Ayaviri-Copacabana-Coniri fault system (SFUACC in Spanish
abbreviation), but may be transitional elsewhere. Hatched pattern: areas affected by Cenozoic shortening older than ~25 Ma.
In the western Andes, i.e. SW of the SFUACC, synorogenic basins formed in extension and along transcurrent
faults. At least one low-angle extensional detachment, placing near-vertical Miocene conglomerates over a
Cretaceous unit, occurs just west of Lake Titicaca (Sempere & Jacay, 2006). Significant transcurrent faulting,
including transpressional deformation, developed along specific structures over southern Peru, including the
western Andes. However, transpressional structures in the forearc and arc, such as the Cordillera de Domeyko in
Northern Chile, can only account for relatively minor shortening and crustal thickening. The Pacific Andean
escarpment is the locus of oceanward reverse faulting, suggesting incipient gravitational collapse of the WC

(Worner & Seyfried, 2001; Worner et al., 2002; Sempere & Jacay, 2006, 2007) instead of tectonic shortening.
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A magmatic origin for the western Andes

Although the lack of surface evidence for significant shortening in the western Andes was accomodated in
some graphic constructions by supposing blind crustal duplexes or insertion, at the base of the crust, of crustal
slices tectonically displaced from the margin, no evidence has been obtained yet for any of such hypotheses,
which appear to be largely paradigm-driven. The combined facts that in the western Andes the orogeny was
accompanied by extensional and transcurrent tectonics, and that transpressional deformation cannot account for
significant crustal thickening (as it produces only localized shortening), imply that the Isacksian paradigm, i.e.
the assumption that the Central Andean orogenic build-up was mostly driven by tectonic shortening, has to be
questioned in the western Andes.

A key insight into this issue is provided by the fact that in southern Peru the crust is thickest across the arc
(Fig. 2), as demonstrated by seismic and gravity studies (James, 1971a; Kono et al., 1989). Association of
maximum crustal thickness with the arc region simply points to magmatism as the cause of crustal thickening in
the western Andes, reinforcing previous similar interpretations (e.g., James, 1971b; Thorpe et al., 1981; Kono et
al., 1989; Schmitz, 1994; James & Sacks, 1999), which unfortunately have been largely disregarded.

The idea that the arc crust was primarily thickened by magmatic mass transfer from the mantle is supported by

the fact that the isotopic characteristics of most Andean magmas indicate that they largely consist of material
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cases with arc crustal growth rates as high as
~300 km*/km.Myr. Volumes of volcanic rocks
erupted at the surface were invoked to discard
magmatic addition as a significant cause of
crustal thickening, but updated estimates are
much higher (de Silva and Gosnold, 2007); Figure 2. Topography (A), Bouguer anomaly (B), and distribution
of crustal densities and thicknesses (C) in southern Peru, after
Kono et al. (1989). Crustal thickness is clearly maximum across the
the ratio of volcanic volumes to total magmatic cordillera (the volcanic arc, or Western Cordillera [WC])

. . . . and decreases toward the Eastern Cordillera (EC) across the
magmatic volumes, and this ratio might well Altiplano. The NE edge of the Eastern Cordillera, which is

undisputably of tectonic origin, corresponds to a marked
subvertical stair-step in the crustal structure (red arrows).

besides, no secure constraints are available on

be anomalously low in the case of thick crusts.
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Conclusion

Updated geological mapping in southern Peru is confirming that tectonic shortening has been insignificant
southwest of the SFUACC fault system, and certainly cannot explain the outstanding crustal thickening in the
western Andes. The western Andes, which include the arc region, must therefore have formed by magmatic
accretion, as already suggested by the abundant geochemical database. In contrast with the eastern Andes, which
are indeed of tectonic origin, the western Andes have been built by magmatic processes, confirming previous but
disregarded conclusions (e.g., James, 1971a,b; Kono et al., 1989; Schmitz, 1994; James and Sacks, 1999). After
all, crustal growth and orogenic build-up by subduction-related magmatism are known elsewhere to be common

processes in island arcs as well as continental arcs (e.g., Tatsumi and Stern, 2006; Lee et al., 2007).
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